Meiotic maturation in oocytes is a prolonged process that is unique because of cell cycle arrests at prophase of meiosis I (MI) and at metaphase of meiosis II (MII). Fluctuations in cyclindependent kinase 1 (CDK1/CDC2A) activity govern meiotic progression, yet little is known about how these fluctuations are achieved. CDC14 is a highly conserved dual-specificity phosphatase that counteracts the function of proteins phosphorylated by CDK. Mammals contain two CDC14 homologs, CDC14A and CDC14B. We report that CDC14B localizes with the meiotic spindle in mouse oocytes, and (unlike somatic cells) it does not localize in the nucleolus. Oocytes that overexpress CDC14B are significantly delayed in resuming meiosis and fail to progress to MII, whereas oocytes depleted of CDC14B spontaneously resume meiosis under conditions that normally inhibit meiotic resumption. Depletion of FZR1 (CDH1), a regulatory subunit of the anaphase-promoting complex/cyclosome that targets cyclin B1 (CCNB1) for ubiquitin-mediated proteolysis, partially restores normal timing of meiotic resumption in oocytes with excess CDC14B. These studies also reveal that experimentally altering CDC14B levels generates eggs with abnormal spindles and with chromosome alignment perturbations. Our data indicate that CDC14B is a negative regulator of meiotic resumption and may regulate MI in mouse oocytes.
INTRODUCTION
Meiosis is the two-part cell division that produces haploid gametes from diploid precursors. In female mammals, oocytes arrest at prophase of meiosis I (MI) during fetal development and do not complete meiosis until ovulated. This arrest uses a G protein-coupled receptor, GPR3, which signals to activate adenylyl cyclase (ADCY3) [1, 2] . ADCY3 generates cAMP, which is inhibitory to meiotic resumption [3] . Meiotic resumption is triggered by a preovulatory surge in luteinizing hormone that, through a signaling cascade not completely understood, causes a decrease in intraoocyte cAMP levels [4] . Next, homologous chromosomes are segregated in MI. After MI, the cell cycle arrests again at metaphase of meiosis II (MII), and sister chromatids will not segregate unless the egg is fertilized or activated.
Cyclin-dependent kinase 1 (CDK1/CDC2A) bound to a regulatory cyclin B1 (CCNB1) subunit is the central engine that drives meiosis in the oocyte, and fluctuations in its activity are key for meiotic progression to and arrest at metaphase of MII (Met II). In mitosis, one mechanism that negatively regulates CDC2A is ubiquitin-mediated proteolysis of CCNB1. Proteolysis of CCNB1 is regulated by the anaphase-promoting complex/cyclosome (APC/C), which is activated by binding either the cell division cycle homolog 20 (CDC20) or fizzy/cell division cycle 20 related 1 (FZR1; hereafter called CDH1, which is the more commonly used term) in two sequential steps. In mitotic cells from humans, several core APC/C units are phosphorylated in a CDC2-dependent manner, which triggers recruitment of CDC20 [5] . Concurrently, CDC2-mediated phosphorylation of CDH1 prevents its binding to the APC/C. Next, in late mitosis CDH1 is dephosphorylated and then binds and activates the APC/C [6] . These activating proteins also provide substrate specificity for the APC/C. Oocytes must keep CDC2A activity low to maintain the prophase I arrest. One mechanism that ensures low CDC2A activity is CDH1 activation of the APC/C to maintain low levels of CCNB1 [7] . When meiosis resumes (analogous to a mitotic G2/M transition), CDH1 is phosphorylated and inactivated by CDC2A, thus generating a positive feedback loop that elevates CCNB1 levels and CDC2A activity.
Cell division cycle homolog 14 (CDC14) is a conserved dual-specificity phosphatase that counteracts CDK activity in mitotic cells, and it was initially described as a positive regulator of mitotic exit in budding yeast and of cytokinesis in fission yeast [8] [9] [10] . Mammals contain two CDC14 homologs, CDC14A and CDC14B. In human cell lines, CDC14A is critical for genomic stability because it regulates the centrosome cycle, mitosis, and cytokinesis [11, 12] . The function of human CDC14B is less clear. One study [13] that knocked out the CDC14B coding region found that CDC14B is dispensable for mitosis. In contrast, other studies that reduced CDC14B mRNA by RNA interference (RNAi) found that CDC14B is required for a variety of cellular processes. For example, depletion of CDC14B led to centriole amplification [14] and abnormal nuclear morphology and chromosome segregation in cell lines that overexpressed Polo kinase (PLK1) [15] . Furthermore, CDC14B is a pivotal inducer of the mitotic G2 DNA damage checkpoint, where it activates degradation of PLK1 by activating APC/C-CDH1 and thereby causing cell cycle arrest [16] .
In yeast, Cdc14 mutants fail to form viable gametes (spores) because of an uncoupling of the spindle and chromosome segregation cycles [17, 18] . These meiotic cells fail to disassemble the MI spindle but attempt to segregate sister chromatids. It is unknown, however, if either CDC14 homolog functions in mammalian meiosis. Because CDC14 counteracts CDC2A activity and because fluctuation in CDC2A activity is critical for meiotic progression, it is likely that at least one of the conserved CDC14 homologs would be required for meiotic maturation in oocytes.
In this study, we demonstrate that CDC14B functions to prevent meiotic resumption by antagonizing CDC2A activity by activating degradation of CCNB1 in mouse oocytes. Perturbing the amount of CDC14B generates eggs with chromosome misalignment and meiotic spindle defects, suggesting that CDC14B acts later to promote the transition from MI to MII. To our knowledge, our data are the first to describe a role for CDC14B phosphatase in mammalian meiosis and indicate that CDC14B functions upstream of the CDH1 subunit of the APC/C to negatively regulate CDC2A activity in oocytes.
MATERIALS AND METHODS

Oocyte Collection, Culture, and Microinjection
Fully grown germinal vesicle (GV)-intact oocytes from equine chorionic gonadotropin-primed (44-48 h before collection) 6-wk-old female CF-1 mice (Harlan) were obtained as previously described [4] . Meiotic resumption was inhibited by the addition of 2.5 lM milrinone to the collection, culture, or injection medium. Oocytes were cultured in Chatot, Ziomek, and Bavister (CZB) medium [19] in an atmosphere of 5% CO 2 in air at 378C and were microinjected in bicarbonate-free Whitten medium supplemented with 10 mM Hepes (pH 7.3) and 0.01% polyvinyl alcohol [20] . Oocytes were injected with 7 pl of mRNA at 0.5 lg/ll (Cdc14b and Gfp) and 0.15 lg/ll (D90) of doublestranded RNA (dsRNA) at 10 6 copies/ll as previously described [21] . Morpholinos (Gene Tools) were used at 1.5 lM, and the sequences of them are the same as previously described [7] . Messenger RNA-injected oocytes were held in CZB plus milrinone for 4 h, for 24-48 h when dsRNA was injected, or for 20 h when morpholinos were injected. For maturation experiments, oocytes were washed and cultured in milrinone-free CZB medium. All animal experiments were approved by the institutional animal use and care committee and were consistent with National Institutes of Health (NIH) guidelines.
NIH 3T3 Cell Culture
NIH 3T3 cells were grown on glass coverslips. They remained at 378C in Dulbecco modified Eagle medium plus 10% fetal bovine serum (Invitrogen) in an atmosphere of 5% CO 2 in air until ;70% confluency.
Cloning
Full-length cDNA encoding Cdc14b (IMAGE 6835123) was acquired from the IMAGE collection (Invitrogen), cloned into the plasmid in vitro transcription (pIVT) expression vector [22] , and verified by sequencing. An amino (N)-terminal 360-bp region of Cdc14b, which does not contain more than 11 bp of sequence identity to Cdc14a, was amplified from the IMAGE clone, TA cloned into pCRII (Invitrogen), sequenced, and used to generate dsRNA. Site-directed mutagenesis of the pIVT construct was performed to generate the catalytically inactive mutant (Quik Change; Stratagene). C314 was changed to S (TGC to TCC) and confirmed by sequencing. CCNB1-D90 was generated by amplifying Ccnb1 lacking the first 270 bp from pRN3 (gift from M. Levasseur). The PCR product was cloned into pRN3 and verified by sequencing.
In Vitro Synthesis of mRNA and dsRNA Plasmids containing Cdc14b, Egfp, and D90 sequences were linearized and in vitro transcribed using an mMessage mMachine kit (Ambion), and RNA was purified using RNeasy Mini Kit (Qiagen). A pCRII vector containing 360 bp of Cdc14b was linearized using BamHI (T7) and NotI (SP6) and was in vitro transcribed as described previously [23] .
Immunocytochemistry
Oocytes and eggs were fixed in 3.7% paraformaldehyde in PBS for 1 h at room temperature, permeabilized in PBS containing 0.1% Triton X-100 plus 0.3% bovine serum albumin (BSA) for 15 min at room temperature, and rinsed through three drops of blocking solution (0.3% BSA plus 0.01% Tween-20 in PBS) before blocking for 15 min. In a humidified chamber, oocytes were incubated in blocking solution containing primary antibody for 1 h at room temperature. The following dilutions were used: CDC14B (ab26194, 1:100; Abcam), b-tubulin (TUBB) (T4024, 1:500; Sigma), and c-tubulin (TUBG1) (T6557, 1:100; Sigma). After washing, secondary antibodies were applied for 1 h. Secondary antibodies (Jackson) were Cy5-conjugated anti-chicken and fluorescein isothiocyanate-conjugated anti-mouse IgG (Southern Biotech). DNA was detected by mounting the cells in VectaShield (Vector Laboratories) containing 3 lg/ml of propidium iodide. To detect kinetochore microtubules, in vitro-matured oocytes were incubated in ice-cold maturation medium for 10 min before fixation in 4% paraformaldehyde in 100 mM K-PIPES, 10 mM ethyleneglycoltetracetic acid, 1 mM MgCl 2 , 0.2% Triton X-100, pH 6.9, for 30 min at 378C. Somatic NIH 3T3 cells were fixed for 20 min in cold methanol and stained with the CDC14B antibody at 1:500. Fluorescence was detected on a Leica TCS SP laser scanning confocal microscope with Leica confocal software, and images were processed using Photoshop software (Adobe Systems, Inc.). Images were viewed with a 403 oil immersion objective (N.A., 1.25). Figure 1 , A and E, were viewed with a 633 oil immersion objective (N.A., 1.32).
Immunoblotting
Samples stored at À808C were thawed on ice, diluted in 23 Laemmli sample buffer [24] , and loaded on 8% polyacrylamide gels. Samples were electrophoresed at 15 mA, transferred to polyvinylidene fluoride membrane (Millipore), and either blocked overnight in PBS (pH 7.5) plus 0.1% (v/v) Tween-20 and 2% blocking agent (ECL Advance; GE Healthcare) at 48C (CDC14B and TUBB) or for 2 h at room temperature (CCNB1 and CDH1). Detection of CDC14B and TUBB was achieved by probing the membrane with anti-CDC14B (ab26194; Abcam) or anti-b-tubulin (T4026; Sigma) at 1:5000 for 1 h at room temperature. After washing, the membrane was incubated with secondary anti-chicken (CDC14B) or anti-mouse (TUBB) antibodies (1:200 000; Amersham) for 1 h at room temperature. To detect CCNB1 and CDH1, membranes were incubated overnight at 48C with anti-CCNB1 (ab72; Abcam) at 1:500 or with CDH1 (ab3242; Abcam) at 1:100. After washing, the membranes were incubated for 1 h at room temperature with a secondary antimouse horseradish peroxidase (1:200 000; Amersham) antibody. Secondary antibodies were detected with chemiluminescence (ECL Advance; Amersham). To quantify changes in CDC14B and CCNB1, the signals were first normalized to TUBB in GV controls, and intensities were measured using ImageJ software (NIH).
Kinase Assays
CDC2A and MAPK1 activities, as assessed by their ability to phosphorylate histone H1 and myelin basic protein, respectively, were assayed in single oocytes as previously described (29) . Images were detected using a Typhoon 9410 PhosphorImager (GE Healthcare) and were quantified with ImageJ software.
Statistical Analysis
Two-way ANOVA or Student t-test, as indicated in the figure legends, was used to evaluate the differences between groups using Prism software (GraphPad Software). P , 0.05 was considered significant.
RESULTS
CDC14B Colocalizes with the Meiotic Spindle in Mouse Oocytes
In all organisms studied to date, CDC14 activity is regulated by cell cycle-dependent changes in its localization [25] . In somatic cells, CDC14B is in the nucleolus during interphase and colocalizes with the centrosome during mitosis [11, 12, 15, 26] . Mouse CDC14B is highly similar in sequence to its human homolog. We found that CDC14B had the same subcellular localization in mouse somatic cells (NIH 3T3) as it reportedly has in human tissue culture lines, as we observed that CDC14B localizes in the nucleolus during interphase and is at the spindle poles during mitosis (Fig. 1A) . To determine where CDC14B localizes during meiotic maturation in mouse oocytes, we matured prophase-arrested (GV) oocytes in vitro and fixed them at specific times during meiosis. We found that CDC14B localized in the cortex and colocalized with the entire length of the meiotic spindle at all stages (Fig. 1 , B and C); no signal was observed when the primary antibody was 796 omitted (Supplemental Fig. S1 , B and C; all supplemental figures are available online at www.biolreprod.org). Furthermore, CDC14B colocalized with c-tubulin (TUBG1) at microtubule organizing centers (MTOCs) and with the cytoplasmic microtubule network in GV oocytes (Fig. 1D) . Furthermore, unlike somatic cells in interphase (Fig. 1A) , we never observed CDC14B in the nucleolus of GV oocytes, even when oocytes were fixed with methanol, a harsh fixative that allows better antibody penetration into the cell (data not shown). Therefore, the distribution of CDC14B on the meiotic spindle, localization on the cytoplasmic network during prophase I, and lack of nucleolar staining indicate that the localization of CDC14B in oocytes differs somewhat from its somatic cell localization.
The spindle is composed of two types of microtubules, namely, unstable pole-pole microtubules that cross in the middle of the spindle and highly stable microtubules that contact the kinetochore complex at chromosome centromeres. Because mouse CDC14B localized to the meiotic spindle and human CDC14B bundles and stabilizes microtubules in vitro [26] , we investigated which type of microtubule associated with CDC14B. We briefly exposed oocytes that were at metaphase of MI (Met I) to ice-cold medium to induce depolymerization of pole-pole microtubules [27] and found that most CDC14B associated with the unstable microtubules. In oocytes incubated on ice, most of the spindle immunostaining was lost except for a faint signal that colocalizes with the remaining kinetochore microtubules (Fig. 1E ). This dramatic loss of CDC14B staining suggests that it is less likely to regulate kinetochore microtubules and more likely has a dominant role in regulating meiotic spindle dynamics in mouse oocytes.
FIG. 1. Immunocytochemical detection of CDC14B in mouse somatic cells and oocytes.
A) The NIH 3T3 cells were fixed in cold methanol for 20 min before immunological detection. The arrows indicate localization at the mitotic centrosome in metaphase (Met) and at the central spindle (upper arrow) and centrosome (lower arrow) in anaphase (Ana). In the merged images, CDC14B is red, and DNA is blue. These experiments were conducted twice, and 50 somatic cells were analyzed by confocal microscopy. Int, interphase; bar ¼ 5 lm. B and C) The GV-intact oocytes were collected and matured in vitro for 0 h (GV), 3 h (GVBD), 7 h (Met I), 9 h (Ana I/telophase [Telo] I), and 16 h (Met II) before fixation. In merged images, CDC14B is red, the spindle (TUBB) is green, and DNA is blue. The asterisk indicates a polar body. D) CDC14B (red) colocalizes with c-tubulin (TUBG1; arrowheads, green) in oocytes. E) In vitro-matured oocytes were placed in ice-cold medium for 10 min before fixation in a 4% formaldehyde fixative that preserves kinetochore fibers. These experiments were conducted three times, with 15-20 oocytes per stage. Bar ¼ 20 lm.
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Depletion of CDC14B Causes Premature Meiotic Resumption by Increasing CDC2A Activity
To determine if CDC14B is required for mammalian female meiosis, we used an RNAi approach in which we microinjected dsRNA that specifically targeted Cdc14b mRNA in GV oocytes [28] . Compared with oocytes injected with control Gfp dsRNA, we found that Cdc14b mRNA was reduced more than 80% in Cdc14b dsRNA-injected oocytes by 48 h after injection (Supplemental Fig. S2 ). The RNAi targeting was specific because Cdc14a mRNA levels were not reduced. Compared with CDC14B levels in control oocytes, the amounts of CDC14B protein were reduced by 29% and 60% in Cdc14b dsRNA-injected oocytes held for 24 h and 48 h, respectively, when normalized to TUBB protein levels ( Fig.  2A) . Furthermore, we stained dsCdc14b-injected oocytes with an antibody against CDC14B and found little to no immunoreactivity on the meiotic spindle (Fig. 2B ). These data demonstrate that CDC14B is efficiently turned over in dsCdc14b-injected oocytes and further support our evidence that endogenous CDC14B is colocalized with the meiotic spindle (Fig. 1B) .
After 24 h of culture in medium containing milrinone (a PDE3A inhibitor that sustains an inhibitory concentration of oocyte cAMP [29] ), control dsGfp-injected oocytes maintained the prophase arrest, as monitored by the presence of an intact and held for the indicated times before loading on an 8% polyacrylamide gel. The blot was stripped and reprobed with an anti-b-tubulin (TUBB) antibody for loading standard. B) Oocytes injected with dsCdc14b were held in medium containing milrinone for 48 h before fixation and immunocytochemistry with an anti-CDC14B antibody (red; spindle staining). DNA was detected by staining with propidium iodide (blue). Control dsGfp oocytes were held in medium containing milrinone for 24 h and matured to Met II for 16 h before fixation and processing with the same antibody. Bar ¼ 20 lm. C) Injected oocytes were held in medium containing milrinone for 24 h and 48 h, and the number of oocytes with intact GVs was counted. The experiment was repeated four times, with a total of 65 oocytes. D) Oocytes injected with dsCdc14b were fixed after being held in medium containing milrinone for 24 h (Met I) and 48 h (Met II). Oocytes injected with dsGfp were held in medium containing milrinone for 41 h before maturing to Met I or for 36 h before maturing to Met II and fixation. Spindles were visualized with an anti-b-tubulin antibody, and DNA was stained with propidium iodide. The arrow in Met I points to several misaligned chromosomes, and the arrow in Met II points to a region of the Telo I spindle that has not properly disassembled. The asterisks indicate polar bodies. Bar ¼ 20 lm. E) Injected oocytes were held in milrinone-containing medium for 48 h before freezing single oocytes. For a control (dsGfp polar body [PB]), dsGfp-injected cells were held in medium containing milrinone for 24 h and matured to MII in medium lacking milrinone for 24 h before collection. CDC2A and MAPK1 activity in the dsGfp PB control was used as the reference level. The graph represents quantification of three independent experiments, with nine oocytes per group. C and E) Two-way ANOVA was used to analyze the data, and the data are presented as the mean 6 SEM. BL, blank; GV, GV intact. *P , 0.05, **P , 0.01, ***P , 0.0001.
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SCHINDLER AND SCHULTZ GV (Fig. 2C) . We found that only 64% of oocytes injected with Cdc14b dsRNA remained arrested in prophase when held in culture for 24 h. After 48 h, this phenotype was more pronounced, as only 25% of dsCdc14b-injected oocytes were arrested in prophase (Fig. 2C) . Those oocytes that underwent GV breakdown (GVBD) within 24 h did not yet have polar bodies, but by 48 h most CDC14B-depleted oocytes had extruded polar bodies.
We assessed chromosome configuration by DNA staining and meiotic spindles by immunostaining of TUBB in oocytes that spontaneously resumed meiosis. Nonarrested oocytes were fixed 24 h after injection and were compared with control oocytes at Met I. Those oocytes injected with Cdc14b dsRNA were in MI and contained many elongated and stretched chromosomes that seemed as if they were under abnormal tension and contained spindles that were larger and misshapen compared with control Met I oocytes (Fig. 2D ). Oocytes injected with Cdc14b dsRNA that resumed meiosis between 24 h and 48 h were fixed 48 h after injection and were compared with control oocytes arrested at Met II. Sixty-five percent of oocytes with reduced CDC14B contained chromosomes improperly aligned on the Met II spindle. Furthermore, we often observed oocytes that were in late telophase I with apparent defects in cytokinesis, as some of their chromosomes were in close proximity to the cleavage furrow rather than at the opposite end of the spindle (Fig. 2D) . These data indicate that CDC14B is required to prevent meiotic resumption in mouse oocytes, and the subsequent spindle and chromosome
FIG. 3. Overexpression of CDC14B delays meiotic resumption in oocytes.
A and C) Oocytes were microinjected with the indicated mRNA and either (A) were matured for 16 h before fixation or (C) were held for 16 h before freezing and immunodetection of CDC14B. A) To estimate the level of overexpression, the average intensities of the overexpressing cells (n ¼ 15) were compared with the average intensities in Gfp-injected cells using ImageJ software. The asterisk indicates a polar body. Bar ¼ 20 lm. B) Oocytes were injected with indicated mRNAs and held in medium containing milrinone for 4 h. The oocytes were washed out of the inhibitor, and the absence of a GV (GVBD) was verified every hour by light microscopy. These experiments were repeated three times, with n ¼ 60 for each group. The error bars indicate SEM.
FIG. 4.
Overexpression of CDC14B reduces CDC2A activity and CCNB1 levels. A) Oocytes were injected with the indicated mRNA and held in medium containing milrinone for 16 h before snap freezing single GV oocytes for CDC2A in vitro kinase assays. The graph represents quantification of three independent experiments, with a total of nine oocytes per group. Student t-test was used to analyze the data, which are presented as the mean 6 SEM. BL, blank. *P , 0.05. B) Lysates from oocytes either not injected or injected with the indicated amount of Cdc14b mRNA were electrophoresed in an 8% acrylamide gel and probed with an anti-CCNB1 antibody after transfer to a membrane. The blot was stripped and reprobed with anti-b-tubulin (TUBB) for a protein-loading standard. Each lane contains 50 oocytes. This experiment was conducted twice, and similar results were obtained for each experiment. C) Oocytes were injected with the indicated materials and held for 4 h before maturation. The absence of a GV (GVBD) was verified every 30 min by light microscopy. This experiment was repeated three times, with n ¼ 60 for each group. The data are presented as the mean 6 SEM.
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799 defects suggest that it also acts later to regulate meiotic M phase.
Because CDC2A activity increases shortly after initiation of meiotic resumption and because CDC14 is a negative regulator of CDC2A activity in other organisms [25, 30] , we determined whether CDC2A activity was altered in CDC14B-reduced oocytes. We observed a 2-fold increase in CDC2A activity, as assayed by phosphorylation of histone H1, relative to controls, and CDC2A activity remained elevated by 1.5-fold in Met IIarrested eggs (Fig. 2E) . In contrast, MAPK1 activity was not significantly altered at either developmental stage. These data suggest that CDC14B promotes meiotic arrest by negatively regulating CDC2A activity.
Overexpression of CDC14B Delays Meiotic Resumption
Overexpression of human CDC14B in interphase-arrested somatic cells causes aberrant microtubule bundling and stabilization [11, 12, 26] . We assessed the consequences of overexpressing mouse CDC14B in the prophase-arrested oocytes by microinjecting GV-intact oocytes with Cdc14b mRNA. As a control, we injected oocytes with catalytically inactive Cdc14b-C314S or Gfp mRNAs. Quantification of the fluorescent signals indicated that microinjection of the Cdc14b mRNA modestly expanded the endogenous pool 2-fold compared with Gfp mRNA-injected controls (Fig. 3A) . Consistent with published data demonstrating that some of the localizations of human CDC14B during mitosis do not require catalytic activity [12] , the catalytically inactive form of CDC14B was able to localize to the meiotic spindle and did not differ from its wild-type form in oocytes undergoing meiosis (Supplemental Fig. S3 ). Moreover, we observed the increased CDC14B signal specifically on the meiotic spindle, further confirming our immunocytochemistry results (Fig. 1) . Because depletion of CDC14B induced meiotic resumption in medium containing milrinone (Fig. 2C) , we first examined the kinetics of meiotic resumption by monitoring the timing of GVBD in oocytes with excess CDC14B. Oocytes microinjected with control mRNAs completed GVBD within 2 h after transfer to milrinone-free medium, whereas oocytes that overexpressed CDC14B had significantly delayed GVBD kinetics (Fig. 3B) . By 5 h after transfer to milrinone-free medium, only 40% of oocytes overexpressing CDC14B had resumed meiosis (Fig.  3B ). This delay depended on the catalytic activity of CDC14B, as oocytes overexpressing similar amounts of CDC14B-C314S (both were ;2-fold in excess as determined by quantifying the immunoblot [ Fig. 3C ]) displayed normal GVBD kinetics (Fig.  3B) . These data indicate that CDC14B negatively regulates meiotic resumption. Moreover, the observed phenotype (i.e., delay in maturation) is the opposite and expected phenotype compared with the phenotype observed following RNAimediated knockdown of CDC14 (i.e., induction of maturation in the presence of milrinone).
Overexpression of CDC14B Reduces CDC2A Activity and CCNB1 Protein Levels Next, we sought to determine the molecular mechanism by which CDC14B prevents meiotic resumption in the oocyte. Oocytes that are competent to resume meiosis must have adequate CDC2A activity [31] . We measured the level of CDC2A activity by performing in vitro kinase assays with single GV oocytes injected with Gfp or Cdc14b mRNA. We 
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found that GV-arrested oocytes overexpressing CDC14B have reduced CDC2A activity (;60% reduction) compared with controls ( Fig. 4A) , suggesting that CDC14B is a negative regulator of CDC2A in oocytes.
To be active, CDC2A must be bound to a regulatory cyclin subunit. In oocytes, the amount of CCNB1 is kept low by the APC/C, and as a consequence, CDC2A activity is low [32] . We asked whether CCNB1 levels were altered in GV oocytes containing excess CDC14B and found by Western blot analysis that GV oocytes overexpressing CDC14B contained ;50% of the amount of CCNB1 compared with noninjected controls (Fig. 4B) . These data indicate that, in oocytes with excess CDC14B, CDC2A activity is reduced likely because steadystate levels of CCNB1 are reduced.
CCNB1 contains a destruction box sequence located in its N-terminus that is recognized by the APC/C [33] . Expressing a nondegradable form of CCNB1 (D90) that lacks this sequence should rescue the observed delay in GVBD in CDC14B-overexpressing oocytes. Expression of D90 alone slightly advanced the time course for GVBD compared with noninjected controls, as previously reported (Fig. 4C) [34] . Most important, coexpression of D90 with CDC14B alleviated the delay in GVBD caused by CDC14B overexpression, as these oocytes underwent GVBD with the same kinetics as the noninjected control (Fig. 4C) . These data suggest that CDC14B regulates the stability of CCNB1 to prevent resumption of meiosis in oocytes.
CDC14B Regulates CCNB1 Turnover Through Regulating the CDH1 Subunit of the APC/C
In GV-intact oocytes, degradation of CCNB1 is regulated by CDH1 binding to and activating the APC/C [7] . In human cell lines, CDC14B triggers the G2 DNA damage checkpoint by dephosphorylating CDH1, thus promoting CDH1 binding to the APC/C [16, 35, 36] . Therefore, we hypothesized that overexpression of CDC14B reduces CDC2A activity by promoting increased CCNB1 turnover through positively regulating CDH1. To address this question, we asked whether reducing the amount of CDH1 via morpholino microinjection could rescue the GVBD delay in oocytes containing excess CDC14B. As previously reported, CDH1 is efficiently depleted by ;90% 20 h after morpholino injection when the samples were normalized to TUBB protein levels [7] (Fig. 5A) . Compared with control oocytes either co-injected with a mismatch Cdh1 morpholino (5MM) and Cdc14b or injected with Cdc14b alone, depletion of CDH1 partially suppressed the GVBD delay in CDC14B-overexpressing oocytes (Fig. 5B) . These data suggest that CDC14B functions upstream of CDH1 and positively regulates its activity to promote CCNB1 turnover and to prevent meiotic resumption.
Oocytes with Excess CDC14B Block Meiosis Before Met II
Because CDC14B localizes on the meiotic spindle and because depletion of CDC14B caused chromosome alignment defects and abnormally sized spindles, we assessed the effect of overexpression that CDC14B had on chromosome and spindle dynamics during meiotic maturation. We microinjected Cdc14b mRNA into GV-intact oocytes and then matured them in vitro. We found that, when matured for 16 h (a time in which almost all control oocytes have reached Met II), ;75% of oocytes overexpressing CDC14B failed to reach Met II and that this effect required catalytically active CDC14B (Fig. 6A) .
When CDC14B was overexpressed in oocytes, we observed a variety of DNA and spindle abnormalities. Oocytes overexpressing CDC14B had severe chromosome alignment defects regardless of whether they were arrested at Met I (72% of Met I oocytes) or Met II (100% of Met II eggs) (Fig. 6B) . Furthermore, many oocytes overexpressing CDC14B contained no spindle (24% of all oocytes) or had persistent astral microtubule projections (40% of all oocytes) (Fig. 6B) . These data, together with the spindle localization of CDC14B (Fig. 1 , B, C, and E), suggest that CDC14B is a critical regulator of meiotic spindle dynamics in oocytes.
DISCUSSION
We demonstrate herein for the first time (to our knowledge) a role for CDC14B in maturation of mouse oocytes. Meiotic progression is unique in females, as oocytes enter a prolonged prophase (G2 like) arrest during fetal development and do not resume meiosis until sexual maturity is reached. The CDH1 regulator of the APC/C is required for this arrest [7] , and herein we find that CDC14B functions upstream of CDH1 to prevent premature meiotic resumption (Fig. 7) . In budding yeast, Cdc14 is required for the exit from MI [17, 18] . Our data demonstrate that alteration of CDC14B levels in oocytes causes meiotic spindle and chromosome alignment perturbations, suggesting that it has a role in regulating the exit from MI in female mammalian meiosis. However, although CDC14B localizes on the central spindle during anaphase of MI (Ana I) (Fig. 1E) , we were unable to assess a role for CDC14B FIG. 7 . A schematic model depicting the role of CDC14B in regulating meiotic resumption in mouse oocytes. A) During the meiotic prophase arrest, CDC2A activity is low. One mechanism used by the oocyte to ensure low CDC2A activity is ubiquitinmediated proteolysis of its cyclin subunit CCNB1. Our data demonstrate that CDC14B functions upstream of CDH1 to maintain low steady-state levels of CCNB1, thereby maintaining the prophase arrest. It is likely that CDC14B dephosphorylates substrates in addition to CDH1, but these possibilities have not been explored in this study. B) Upon GVBD, CDC2A phosphorylates CDH1, causing its disassociation from the APC/C and subsequent stabilization of CCNB1. It is unknown how CDC14B activity for CDH1 is turned off to promote this transition.
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during the MI/MII transition because of the asynchrony by which oocytes with reduced CDC14B resume meiosis. Future studies are aimed at determining the requirement for CDC14B during meiotic M phase.
Localization is one mechanism that regulates CDC14 function in many organisms [25] . In budding yeast, Cdc14 is held in the nucleolus by CfiI/NetI, and its cell cycle-dependent release is controlled by two signaling cascades called FEAR (for Cdcfourteen early anaphase release) and MEN (mitotic exit network) [37] [38] [39] . In higher eukaryotes, CDC14A and CDC14B contain motifs that govern their localizations in somatic cells. For example, CDC14B contains a nuclear localization sequence in its N-terminus that is required for its nucleolar localization during interphase [11] . Our data demonstrate that the localization of CDC14B in oocytes is somewhat different from its localization in mitotic cells (Fig.  1) . We never observe CDC14B in the nucleolus and find that it localizes to the entire length of the meiotic MI and MII spindles (Fig. 1, B, C , and E). Similar to somatic cells, we find CDC14B at MTOCs (Fig. 1D) . Human CDC14B activates the G2 DNA damage checkpoint through CDH1 [16] . We find that CDC14B negatively regulates oocyte maturation by regulating CDH1-mediated turnover of CCNB1 (Figs. 4, 5, and 7) . Therefore, it is likely that CDH1 is a direct target of CDC14B in mouse oocytes. Understanding how CDC14B activity on CDH1 is regulated will be key to understanding how meiotic resumption is prevented in meiotically competent oocytes.
Oocytes that overexpress CDC14B undergo GVBD with slower kinetics (Fig. 3C ) and have reduced CCNB1 levels (Fig.  4B) . Moreover, depletion of CDH1 partially rescues the GVBD delay (Fig. 5B) . In the morpholino rescue experiments, oocytes were held in medium containing milrinone for 20 h. Although most CDH1 protein is turned over, there are trace amounts of CDH1 in the oocytes (Fig. 5A ) that could account for the partial rescue phenotype. Alternatively, CDC14B may signal through substrates in addition to CDH1 to control premature meiotic resumption. For example, Clp1 (the Cdc14 homolog in fission yeast) dephosphorylates and inactivates Cdc25, a phosphatase that activates CDC2A [40] . In oocytes, both CDC25A and CDC25B are required to promote meiotic resumption and are therefore potential substrates [41, 42] .
Although we do not know if CDC14B functions later in oocyte maturation, oocytes either containing excess CDC14B or those depleted of CDC14B have abnormal spindles, and CDC14B localizes to the center part of the Ana I spindle, suggesting a role for CDC14B during MI (Figs. 1C, 2E , and 6B). The spindle midzone, the electron dense and centermost region of the anaphase spindle, provides the forces necessary for spindle elongation. In budding yeast, Cdc14 is required for forming the spindle midzone through dephosphorylation of a microtubule bundling factor, Ase1, and for directing the midzone localization of the separase-Slk19 complex [43] . Higher eukaryotes contain an Ase1 homolog called protein regulator of cytokinesis (PRC1), which also localizes to the mitotic spindle midzone when dephosphorylated [44] . Microarray data indicate that Prc1 is present in mouse oocytes and therefore may be a candidate to pursue [45] . Deciphering the role of CDC14B during MI should reveal additional insight as to how MI is regulated in mammals and how it differs from mitosis.
The reported mitotic functions of human CDC14B are conflicting. Our data clearly demonstrate that CDC14B is a critical regulator of the meiotic cell cycle. Meiotic spindle assembly is unique in mammalian oocytes because it occurs in an acentrosomal fashion via de novo MTOC synthesis and chromosome congression [46] . Because CDC14B colocalizes with MTOCs and the meiotic spindle (Fig. 1, B-D) , it is tempting to speculate that the requirement for CDC14B during oocyte maturation in mammals is different from that in mitosis because of its unique spindle assembly mechanism. Overexpression of CDC14B delays meiotic events after GVBD, suggesting that it likely functions later in meiosis (Fig. 6B) . These oocytes contain abnormal spindles with persistent astral microtubules that emanate from the spindle poles, consistent with data demonstrating that CDC14B bundles and stabilizes microtubules in vitro [26] . Further analysis of the microtubulerelated function of CDC14B will provide insight into meiotic spindle assembly in female gametes.
